The objective of this study was to experimentally evaluate the difference in the transport of uniform (5.17, 10.35, 14, 20.7 mm) and graded sediment (mixture of these rounded particles with equal weight proportions) under different unsteady flow hydrographs in a 12 m long, 0.5 m wide and deep glass-walled flume. There was a lag time between fractions and uniform particles, such that peaks of coarser and finer fraction particles occurred before and after the peak of uniform sediment with the same size, respectively. Comparison between uniform particles and fractions in graded sediment showed that the sediment transport rate of fine and coarse fractions was lower and higher than their counterpart uniform particles, respectively. Overall, the uniform particles demonstrated a clockwise hysteresis loop and graded sediment had a counterclockwise hysteresis loop. The mobility of coarser fractions increased during the rising limb of hydrograph, whereas the mobility of finer fractions increased during the falling limb. In general, the mobility of coarse fractions increased and that of fine fractions reduced. Result of transported sediment showed that average particle size collected in traps (D b50 ) was coarser than bed material (D s50 ) on both limbs. The relative transport ratio for uniform and graded sediment is higher and lower than 1, respectively.
INTRODUCTION
Bombar et al. () argued that in unsteady flow, the turbulence intensity along the flow path and the vertical axis was greater, producing a greater lift force acting on bed and suspended sediments, and therefore traditional sediment transport formulae underestimate the true sediment load (Song & Graf ) . Thus, it is not surprising that sediment transport formulae developed under steady uniform flow conditions perform unsatisfactorily for engineering projects.
Sediment transport during flood events often exhibits hysteresis because of the lag between the peak of the flow and sediment discharge (Reid et al. ) . Several examples of hysteresis have been reported. Generally, there are five types of hysteresis loops, including clockwise, counterclockwise, eight-shaped, irregular (complex), and linear (Lenzi & Marchi ; Keesstra et al. , ) . Clockwise loops are the most common ones observed in the field (Seeger et al. ) , especially for suspended sediment transport when the peak of sediment transport rate takes place before the discharge peak (Klein ; Soler et al. ; Eder et al. ) . When the peak of sediment transport rate takes place after the discharge peak, a counterclockwise pattern is observed. This loop has been related to the breakdown of the armor layer (Kuhnle ) , delay of the sediment supply (Habersack et al. ) , passage of bed forms (Bell & Sutherland ) , and consolidation of bed materials during flood events (Reid et al. ) . When the sediment source is far away from the river, eight-shape loops will be constructed. In this case, the second loop appears in the recession limb of the hydrograph just after either a clockwise or counterclockwise loop (Zabaleta et al. ) . Alternatively, hydrographs are often modeled by consecutive steps of steady flows with short intervals, named quasi-steady flows (i.e., stepped hydrographs) (Parker et al. ; Piedra ; Mao ) . This type of simulation tends to lead to errors in the calculation of sediment transport (Nouh ) , and the best alternative is to simulate continuous unsteady flow.
Tsujimoto () discussed two mechanisms associated with sediment transport during floods, with the first mechanism involving the direct impact of unsteady flow and the second involving an indirect impact of relaxation processes, which is a slow response of sediment transport to the flow condition. Investigations on boundary layers in unsteady turbulent flow showed that unsteadiness effects were often limited to a thin layer close to the wall, while the outer areas were not strongly affected (Karimaee Tabarestani & Zarrati ) . Hence, the data of outer areas may not correctly reflect the unsteadiness effects on the most effective internal variable parameters, namely, bed shear velocity (Pathirana et al. ) . Consequently, the structure of unsteady flow field may differ from that of steady flow field.
Lee et al. () investigated uniform bed load transport
under unsteady flow in a laboratory and found a lag time (approximately 6-15% of the hydrograph duration) between the values of maximum flow discharge and maximum sediment discharge as a result of particle size. Their result showed that bed load sediment transport under unsteady conditions was higher than the values predicted under steady conditions and the maximum bed sediment discharge was also greater than the predicted value. A certain interval between the peak of flow discharge and peak of sediment discharge was also observed by Wang (), and was named 'bed inertia lag'. Wang et al. () examined graded sediment transport (as unimodal and bimodal) influenced by various hydrographs of unsteady flow on a slope of 0.0083 m m À1 and found that the transport of the major coarse and the fine fraction occurred during the rising and falling limbs of hydrograph, respectively. They also stated that the peak of coarse sediment discharge occurred close to or a little earlier than the discharge peak, and it occurred after the discharge peak for fine particles. Hassan et al. evaluated the effect of three types of stepped hydrographs on fractional bed load sediment transport in graded sediments (20% gravel and 80% sand), constant slope of 0.01 m m À1 , and sediment recirculation conditions. His results showed that in all three models, sediment discharge was higher during the rising limb than during the recession limb. He also reported that the grain size of the armor bed remained invariant during the experiments, and that sediment transport showed clockwise hysteresis. Guney et al.
(2013) investigated the effect of coarse surface establishment on the sediment transport rate under an unsteady flow hydrograph for a bimodal sediment mixture. Their result showed that there is a strong linear relationship between armor ratio and total sediment transport yield, with a correlation coefficient of 0.99. Also, they revealed that, at first, clockwise hysteresis appeared but after armor development the hysteresis switched to counterclockwise. Li et al. (2018) have studied the effect of sand on gravel (and vice versa) using both unsteady and volume equivalent steady flow and revealed that unsteady flows can cause greater transport of sediment than steady flows, sand promotes the transport of gravel, and gravel reduces the transport of sand. Similarly, Mrokowska & Rowinski () studied the effect of several triangular, trapezoidal, and step-wise hydrographs on different sand-gravel, silt-gravel, silt-sand mixtures, and tri-modal sand-gravel mixtures. Some researchers introduced suitable dimensionless parameters to determine the relationship between unsteadiness of flow and sediment transport in the flow hydrograph (e.g., Graf & Suszka ; Yen & Lee ), but, although important, this issue has attracted little attention thus far. In particular, to our knowledge, no studies have studied the response of graded fraction and their same-sized uniform counterpart to unsteady flow, and studied how the difference in mobility varies with bed slope and particle diameter.
This paper aims to address this research gap by reporting on 15 flume experiments designed using different bed material and unsteady flow hydrographs to study the difference in transport of graded and uniform bed sediment, and its temporal variation, in response to unsteady flow conditions. As well as investigating how this difference varies with bed slope and particle diameter, this paper also explores the relationship between the Einstein bed load parameter and Shield stress for unsteady flow. Also, differences between hysteresis of uniform and graded bed sediment are addressed.
MATERIALS AND METHODS

Flume set-up
A 12 m long, 0.5 m wide, tilting flume was used in this study ( Figure 1 ). The flume walls were made of transparent glass.
Experiments were done with slopes ranging from 0.005 to 0.035 m m À1 . Runs were performed using four homogeneous grain sizes (5.17, 10.35, 14, and 20 .7 mm) and a graded mixture made up using the four classes with equal weight ratio (Table 1) . Sediment beds were created by screeding the sediment to a depth of ∼5-6 D 50, and remixed and screeded for subsequent runs. The upstream and downstream parts of the flume (each 2 m long) were non-movable. Figure 1 ) and three ultrasonic sensors (a 1 , a 2 , and a 3 ) recording the water level with a frequency of 25 Hz. Sensor a 1 was placed over the fixed bed, whereas sensors a 2 and a 3 were placed over the mobile bed portion of the flume. The distances between the first and second sensors and between the second and third ones were 2 m and 1 m, respectively ( Figure 1 ).
Experimental procedure for simulating hydrographs
Experiments were designed to simulate hydrographs using unsteady flow conditions. At the beginning of each run, the downstream tailgate was raised and then the pump was turned on at the lowest flow rate to ensure the minimum disturbance to the bed during the time required for the initial wetting stages. Then, the desired base flow (Q 0 ¼ 3 L s À1 ; at which point no sediment moved at any slope) was attained to perform uniform steady flow conditions for 1 h to produce a water-worked surface and to ensure that all experiments were performed with the same initial bed condition.
In this stage, the tailgate was lowered to have a uniform steady flow as well as reduce the backwater effect (Wang during the passage of the hydrograph, for a duration ranging from 1 to 20 min depending on the sediment transport intensity (it is noted that the frequency of sampling was high enough particularly before and after peak flow to resolve the peak flow and sediment lag). The level of variability in peak transport rates near the peak flow was considered for calculation of the lag time between peak of flow and sediment transport. The collected sediment samples were dried, sieved (for graded sediment), and weighed in order to obtain the total and fractional transport 
The simulated unsteady flow hydrograph
The runs simulated an asymmetric hydrograph with a peak of 70 L s À1 , a total volume, excluding base flow, equal to 165 m 3 , and a normal duration of 5,220 s. In some cases, especially for graded sediment with higher slopes, due to high sediment transport and extensive bed morphological changes, this duration was not possible and a shorter duration was performed (e.g., 2,400 s). The designed hydrograph is not exactly scaled to a specific prototype, but the overall shape (e.g., a longer rising limb) reflects the shape of the last five flood events in Sefid-Rud River (second largest river in Iran). The main aim for the recession limb not reaching base flow again is: (1) there was no sediment transport observed for water depth less than 7 cm for the recession limb; and (2) the shape of these flood hydrographs The geometric standard deviation was calculated as σg ¼ (D84=D16) 0:5 .
in Sefid-Rud River is a multiple peak hydrograph and the raising limb of the next hydrograph starts before reaching base flow. Thus our recession limb did not reach base flow according to the general shape of these single peak hydrographs.
The hydrograph can be scaled by dimensionless terms for discharge (Q*) and time (t*):
where Q is the discharge, Q 0 is the discharge at base flow, V 0 is the mean flow velocity at base flow, h 0 is the flow height at base flow, and B is the width of the flume, and
where t is the measurement time, and T is the total duration of the hydrograph calculated as the sum of the duration of the rising and the recession limbs, T r and T f , respectively.
The hydrographs were characterized by an unsteadiness parameter Γ (see also Graf & Suszka ()) calculated as:
where ΔH is the difference in flow heights between the maximum discharge and the base flow, and V Ã 0 is the bed shear velocity at base flow.
As done in previous studies dealing with unsteady flow Wang et al. ), the magnitude of the hydrograph W k was calculated as:
Parameters Γ and W k are independent of each other and it is possible that different hydrographs feature the same Γ shape (η) (calculated as T r /T f ratio), have a significant impact on bed load sediment transport. The first two properties were considered in this study but due to the fact that hydrograph shape did not change significantly in the present study and since all of them have a similar shape, hydrograph shape was not considered as an effective factor. In total, 15 tests were conducted using different slopes and sediment sizes ( Table 2) .
Bed load sediment transport
The cumulative sediment flux during each run was calculated as a normalized sediment transport yield (see Bombar et al. ) , W t * as follows:
where W t is the total sediment transport yield in kg, ρ s is the density of bed material, b is the width of the sediment trap (m), and D s50 is the average particle size of the bed material (m). For the graded mixture, fractional sediment transport yield was calculated for each grain size.
The dimensionless Einstein bed load parameter was used to compare between various transported sediments and is expressed as (Pender et al. ):
where q b and q bi are the bed load sediment transport rates (kg m À1 s À1 ) for total or uniform particles and fractional transport rate, respectively, s is the relative density for bed sediment which is equal to sediment density divided by water density, g is the gravitational acceleration, D b50 is the average size of sediment transported to trap, D i is the uniform material diameter or fraction material diameter, and f i is the proportion of the fraction i in the bed surface (Shvidchenko et al. ) . The Shields stress τ Ã was estimated as follows:
where τ ¼ ρgR b S is the mean bed shear stress, ρ is fluid density, R b is the hydraulic radius of the bed, which is corrected for the effect of the wall of the flume using the method outlined in Shvidchenko & Pender (2000) , and S is the bed slope. Shear velocity (V*) was estimated as:
The dimensionless parameter of V Ã =ω S was applied to determine the suspension condition, where the ω s is the submerged particle fall velocity. It was used to determine the dominant transport mode when designing the hydrographs.
According to Bagnold (1966) , when this dimensionless parameter is less than 0.25 all particles are transported as the bed load. The ω s term was calculated as follows (Table 3) :
where ν is the kinematic viscosity. The V Ã =ω S was less than 0.25 for all experimental runs, and thus, all the transported particles moved as bed load.
The fractional bed load mobility was calculated using the equation proposed by Parker & Klingeman ():
where P i and F i represent the fractional proportions (by weight) in bed load samples collected in the traps and in the original mixture in the bed, respectively. If Ψi < 1, then the transported material had a reduced mobility in comparison to the original bed composition due to the concealment of the finer fractions. If Ψi ¼ 1 then the transported and bed material were equally mobile (state of equal mobility).
If Ψi > 1, the transported material had enhanced mobility compared to the original bed composition due to exposure of the coarser fractions. (1) finer uniform bed sediment has a higher sediment transport rate than graded bed sediment, but the opposite trend is observed for coarser sediment;
RESULTS
(2) with a constant bed slope of 0.015 m m À1 , the coarser One considerable difference between uniform and graded bed sediment is that the peak transport rate of all bed sediment occurred before the hydrograph peak, but the peak of graded bed sediment transport occurred after the hydrograph peak. At this slope and at a slope of 0.015 m m À1 , the maximum and minimum fractional sediment transport rates occurred for the 14 mm and the 5.17 mm fractions, respectively. The ratio of the fractional sediment transport rates (5.17, 10.35, 14, and 20.7 mm) to the total sediment transport rate were 0.079, 0.29, 0.33, and 0.3, respectively.
Temporal lag between sediment transport and discharge
The temporal lag between the peaks of discharge and sediment transport rates was investigated by transforming the variables into dimensionless terms, i.e., Einstein bed Results of the lag time between the hydrograph peak and sediment shows that the lag time has been increased with increasing bed slope for all uniform and graded bed sediment conditions except for the case of uniform coarse sediment of 20.7 mm, which shows the opposite trend ( Figure 5 ). One possible reason could be that since finer sediment is transported more easily, an increase in bed slope results in a huge amount of sediment transported in a low flow depth. Thus, sediment transport is reduced for higher flow depths due to armoring and lower sediment budget (sediment transport is a function of sediment budget (Asselman )). As coarser particles are not transported as easily, their transport is consistent with slope and flow depth and this transport capacity is increased with an increase in both bed slope and flow depth.
The main differences between the uniform and graded bed sediment is that the peak of the uniform bed sediment transport rate occurred before the peak of the hydrograph, whereas in all tests using graded sediments, the peak of total graded sediment transport rate occurred on the recession limb of the hydrograph (Figures 2 and 3) .
Comparison of bed load transport rates between experiments conducted using homogenous versus graded sediments
At a slope of 0.015 m m À1 the dimensionless bed load sediment transport rates for the 10.35 mm and 14 mm fractions were 99% and 80% lower than their uniform counterparts, respectively. Whereas at a slope of 0.02 m m À1 and a peak discharge of 70 l s À1 , the dimensionless bed load sediment transport rates for the uniform and 14 mm fractions are closer (19% lower). It shows that by increasing the bed slope the transported fraction particles in a graded bed sediment were closer to their uniform counterparts. For the coarse sediment of size 20.7 mm the opposite trend is observed. With a slope of 0.03 m m À1 , the finer fractions (i.e., 5.17, 10.35, and 14 mm) cause the coarse fraction of 20.7 mm to be transported at 64% higher compared to their uniform counterparts. Results also show that transport rate peak for the 10.35 and 14 mm uniform bed sediment occurred earlier compared to their fraction counterparts, but the opposite case was observed for the coarse sediment of 20.7 mm as the peak transport rate of the fraction occurred earlier compared to their uniform counterparts ( Figure 6 ).
Patterns of hysteresis
Because the discharge and coarse sediment transport rates can peak at different times during the simulated hydrographs, a plot of these two variables was created to illustrate the hysteretic pattern. The patterns would be clockwise if the discharge peaks after the sediment transport rate, or counterclockwise if the discharge peaks before the sediment transport rate (Mao ; Guney et al. 2013).
Generally, uniform bed sediments have a clockwise hysteresis, but graded bed sediment follows the counterclockwise hysteresis pattern (Figure 7) . Generally, finer fractions increased and coarser fractions severely reduced the mobility on the recession limb of the hydrograph. The opposite trend was observed on the rising limb. Results also show that with increasing bed slope, the mobility of the fine fraction (e.g., 5.17 and 10.35 mm) has reduced and the mobility of the coarse fraction (e.g., 14
Fractional sediment mobility
and 20.7 mm) is increased during the rising limb. The opposite trend was observed in the recession limb (Figure 9 (a) and 9(b). As in the recession limb with an increasing bed slope from 0.015 to 0.03 mm À1 , the mobility of the 5.17
and 20.7 mm fractions became 0.4 and 1.3 times, but these are 2.8 and 0.8 times respectively in the falling limb. Results revealed that in the rising limb, with increasing bed slope, the coarser the fraction, the higher the mobility; in the bed slope of 0.015 m m À1 the higher mobility was that of 14 mm but in the slope of 0.03 it was that of 20.7 mm. The mobility of 20.7 and 14 mm fractions in the slope of 0.03 m m À1 is 1.2 and 1.04 times, respectively.
A further way to visualize the mobility of sediment fractions along the hydrographs is to draw the grain-size curves of sediment samples collected in traps during the runs. Figure 10 shows that the grain-size curves for the rising limb plot towards the right, which indicate that the transported sediments were coarser compared to the original sediment grain size distribution. The curves corresponding to samples taken during the recession limb plot to the left, which indicate that the transported sediments were finer than the grain size distribution of sediment in transport the result shows that for q* > 0.001 the relationship between q* and Shield stress is logarithmic and with changes in the bed slope, the change in Shield stress is more apparent and significant than q* (Figure 11 ).
DISCUSSION Temporal variation in bedload sediment transport rate
Temporal variation of uniform bed sediment showed that for slopes smaller than 0.0075 m m À1 , the peak of sediment transport rate occurred coincidently with the peak of flow discharge. However, for higher slopes, the peak of sediment took place earlier than flow peak. This may be due to the fact that at higher bed slopes, the grains composing the surface layer structured during the first portion of the rising limb of the hydrograph become dislodged before the arrival of the hydrograph peak, creating an early pulse of sediment flux (clockwise hysteresis).
In the graded bed sediment, the proportions of the sediment transport rate for fractions of 5. 17, 10.35, 14, and 20 .7 mm to the total sediment transport rate on a slope of 0.015 m m À1 were 0.044, 0.23, 0.42, and 0.35, respectively. The maximum transport rate for 5.17 and 10.35 mm fractions took place after the peak discharge, while it happened before the peak discharge for 14.0 and 20.7 mm particles. Bed load sediment transport rate for 5.17 and 10.35 mm fractions after the peak discharge was ascending and for 14 and 20.7 mm fractions it was descending. This reveals that the peak of finer fractions occurred after the peak discharge (in the recession limb) and for the coarser fraction it was before the peak discharge (in the rising limb), which is in agreement with the results obtained by The proportions of the sediment transport rate for fractions of 5.17, 10.35, 14.0, and 20.7 mm to the total sediment transport rate on a slope of 0.03 were 0.2, 0.5, 0.56, and 0.5, respectively. For this slope, unlike the slope 0.015 m m À1 , peaks of all fractions occurred after the peak discharge on the recession limb. This may be due to the fact that with the increase in bed slope, the armor layer can break up more easily due to increased shear stress and cause peaks to be reached after the peak of flow. Also the more the amount of coarser fraction that moved through the rising limb, in the recession limb we expect to have a greater amount of bed movement due to having the finer bed material in the recession limb.
For grain fractions of 5. 17, 10.35, 14, 20 .7 mm and total value, by increasing the slope to 1.5 times (compared to 0.02 m m À1 ), the amounts of q* were 3.4, 2.3, 2.29, 2.0, and 2.66, respectively, and also by doubling the slope (related to slope of 0.015), the value of q* were 154, 62.5, 51, 52, and 72 times larger, respectively. This comparison suggests that, in graded sediments, an increase in bed slope led to the increase in the mobility of finer fractions during the recession limb. However, as shown in Figure 5 , the peak of fractions occurred simultaneously in the same time as the total mixture sediment.
Comparing bedload transport rates between experiments conducted using homogenous and graded sediments, the results suggest that coarser grain size fractions in the graded bed sediment have greater mobility compared to the same grain size in uniform mixtures. The reason is mainly that:
(1) the coarse sediments in the graded sediment are more Hysteretic patterns of sediment transport during hydrographs Bedload clockwise hysteresis loops occur when the sediment transport rate peaks before the peak discharge of the hydrograph and a counterclockwise pattern occurs when the sediment transport rate peak takes place after the peak discharge of the hydrograph. In the present study, complex
figure eight-shaped loops were generally observed in the runs, because sediment discharge fluctuated along the rising hydrograph limb in high discharge and slope conditions, and generally did not follow the ascending trend and acted similarly to a multi-peak hydrograph, and as a result, formed as the figure eight-shaped pattern. With the increase in the bed slope or flow discharge, the sediment transport rate increased in a manner consistent with the increase in bed slope. However, on very high and steep slopes the bed would be unstable (resulting in a completely degraded channel) and there was a high rate of bed erosion.
The sediment transport rate over time had a sinusoidal shape, and with increase of flow discharge and low and high transport rates continued through to the peak of hydrograph (anti-dunes moving upstream were observed).
On the other hand, with the flow reducing on the recession limb, this sinusoidal shape rate ended and sediment transport rate reduced. Mao () Impact of hydrograph characteristics on the total bedload sediment transport
The impact of some hydrograph characteristics, such as the unsteadiness parameter, symmetry parameter, and total water work parameter, on the dimensionless bedload sediment transport rate parameter of the total and fractional grain sizes is shown in Table 2 and Figure 12 . It was observed that the transported sediment increased with increase in W k , meaning that an increase in the maximum volume under the hydrograph resulted in an increase in sediment transport. The sediment transport rate also increased with reduction in W k and an increase in bed slope (shear stress or relative roughness) demonstrated a higher impact on the sediment transport rate compared to the volume under the hydrograph. To investigate the effect of flow and bed characteristics on uniform, total, and fractional sediment transport on the rising and recession limbs, the relative transport yield ratio was computed following Wang () as:
where R is for the rising limb, and F is for the recession limb.
Clearly, this fraction was more than 1 for higher sediment transport rates occurring on the rising limb and less than 1 for higher sediment transport rates occurring on the recession limb.
One factor that was observed in most cases, but that cannot necessarily be generalized and needs further investigation, is that the relative transport yield ratio increased with increasing bed slope, meaning that the sediment transport rate on the rising limb of the hydrograph increased compared to the recession limb of the hydrograph for an increasing bed slope. The relative transport yield ratio was more than 1 for uniform particles, showing that the transported sediment was higher during the rising limb of the hydrograph in all cases, which is due to the fact that no sediment was fed during the experiments. The relative transport yield ratio was less than 1 for the graded sediment findings of Wang et al. () for graded sediment. The mechanism behind this result is still unclear (Li et al. 2018 ). Some researchers (e.g., Mao ; Li et al. 2018) show that sediment transport on the rising limb is greater Another finding, shown in Figure 12 , is that in graded sediment, the coarser the fractions, the more the relative transport yield ratio. Hence, the 20.7 mm fraction had the highest relative transport yield ratio, followed by 14.0, 10.35, and 5.17 mm fractions. The amount of ς for the 20.7 and 14.0 mm fractions was greater than the amount of total sediment and for 10.35 and 5.17 mm fractions it was lower than the amount of total sediment, showing higher transport of coarser fraction, which is potentially due to reduced availability of fine fractions from the surface and resulting from this fact the coarse (fine) fractions are more prone to exposure (hiding) dynamics.
It should be noted. it may be that Figures 8 and 12 appear not to be in harmony with each other, as if the coarse sediment has an increased mobility, and thus why ς i is less than 1 for coarse fractions. It can be stated that there are different methods of calculation, such as in the mobility index, the proportion of each fraction in the trap was divided per proportion of those fractions in the original bed. However, for ς i , only the weights of the rising limb are divided per the falling and as the weights of the falling limb are more than the rising, for all fractions the ς i is less than 1.
Regarding sediment mobility during the hydrographs, it should be noted that the mobility of coarser fractions is increased during the rising limb and reduced during the One of the main limitations of the present study is that sediment particles were considered cohesionless, but in general, sediment in natural rivers is not cohesionless and contains some silt and other fine particles. Thus, for future work, it is suggested to use mixed materials with more fractions (ranging from cohesive to non-cohesive particles) and equal proportions of mixed grain sizes in hydrographs with longer base time to realize the real mobility of fractions during long-term flood events.
Generally, the results of the present study provide a greater understanding of the transport of graded bed sediments in comparison to their uniform bed sediment transport counterparts in response to flood events and insights for improved numerical modeling capabilities for bedload sediment transport.
CONCLUSION
The bed sediment response to a natural hydrograph of flow during flooding was studied for uniform sediment particles and also mixtures of uniform sediment with equal weight ratios on bed slopes ranging from 0.005 to 0.035 m m À1 .
In addition to the total amount of sediment transport, the temporal variation of bed sediment transport, mobility of fractions, relative transport yield ratio as well as temporal lag between the peaks of flow and sediment were also studied.
Results showed that for a given grain size, the increase in bed slope increased the Einstein bedload parameter and Shields stress. More importantly, for a change in the slope, the change in the Einstein bed load parameter was lower than that in the Shields stress. Results of analysis of the temporal variation and sediment transport rates showed that for uniform particles, the peak of sediment transport occurred before the peak of flow; but for fraction particles in the graded sediment, the peak of fine fractions occurred after the peak of flow discharge and for coarse fractions occurred before the peak of flow, which was not the case on slopes steeper than 0.015 m m À1 . Results of the fractions in terms of bed mobility parameter and grading curve showed that the mobility of coarser fractions increased on the rising limb of the hydrograph and reduced on the recession limb as the trend was opposite for fine fractions, but the amount of transported sediment was higher than the bed sediment surface on both rising and recession limbs.
Comparison between fractions and their uniform particle counterparts showed that the fine fraction sediment transport rate was less than their uniform particle counterparts, but the amount of coarser fraction sediment transport rate was higher than for their uniform sediment transport rate counterparts. In addition, the coarser fraction in graded sediment mixtures caused a reduction in the finer fraction bed load sediment transport rate, and the finer fraction caused an increase in the coarser fraction bed load sediment transport rate than their uniform particle counterparts.
The measured sediment transport rate for uniform and graded sediments showed that there was a temporal lag between peaks of flow and sediment that varied from 0.02 to 0.10 base time of the hydrograph. To compare the temporal lag between the peaks of uniform and fractions of sediments, it was concluded that due to the concealment effect of finer fractions, the peak of finer fractions occurred after the peak of the uniform sediment transport rate counterparts, but is opposite for coarser fractions. For finer particles of 5.17 and 10.35 mm and also for the graded sediment mixture, the time interval between peaks of flow and sediment increased with increasing bed slope but the coarser fraction (14.0 and 20.7 mm) behaved oppositely. The relative transport yield ratio was always more than 1 but less than 1 for uniform and graded sediments, respectively. In the graded bed sediment mixture on the same slope, coarser fractions resulted in higher relative transport yield ratios. In general, uniform particles had a clockwise hysteresis loop and graded sediment had a counterclockwise hysteresis loop.
